This study focuses on the seasonal differences in soil moisture patterns considering the impact of meteorological variables (air/ground temperature, precipitation, and the amount of insolation) on soil moisture variability over the Korean peninsula between January 2012 and February 2013. We found that soil moisture spatial distributions changed differently with the mean soil moisture content according to the season using statistical metrics (skewness and kurtosis) (summer: 1 June to 31 August, winter: 1 November to 31 January). Daily variations in meteorological variables had different relationships with the changes in soil moisture for two seasons. Air and soil temperature changes clearly had negative relationships with the soil moisture change during the summer period while they had positive relationships during the winter period. Temporal stability testing showed that the representative soil moisture sites on a regional scale could be changed with seasonal periods, especially in the Asian monsoon region. In conclusion, these results provide evidence that there are clear differences in soil moisture patterns according to seasonal characteristics. This study might be useful for further researches relating to climate-meteorological effects on soil moisture patterns on a regional scale.
InTroDuCTIon
Soil moisture is an essential factor in hydrological, environmental, and climatic processes (Famiglietti and Wood 1994) . The soil moisture content exerts a dominant control on the partitioning of precipitation into runoff, evaportranspiration, and infiltration and of net radiation into latent and sensible heat fluxes (Rodriguez-Iturbe 2000; Seneviratne et al. 2010; Tuttle and Salvucci 2016) . At the same time, soil moisture dynamics are seasonally controlled by meteorological conditions according to climate regions (Entekhabi et al. 1996) . Better understanding of the associations between soil moisture and meteorological factors, such as precipitation, air temperature, ground temperature, and the amount of insolation, enable hydrologists and meteorologists to improve estimations of the variances in evapotranspiration and heat fluxes on a regional scale. Previous studies found that the meteorological variables directly or indirectly influence on the temporal and spatial changes in soil moisture contents (Yang and Lau 1998; Hinkel et al. 2001; Lakshmi et al. 2003; Cho and Choi 2014) . For example, intense precipitation often cannot be absorbed into the surface soil. However, continuous low-intensity precipitation allows water to be absorbed within the root-zone soil and stored in porous soils (Famiglietti et al. 1999) . Soil moisture variability increases at relatively high levels with increasing rainfall during the rainy season (March -July), which is different from the winter season results. The temperature and amount of insolation also directly influences soil moisture conditions via ground surface water evaporation (Castelli et al. 1999; Bosch et al. 2006) . The growth of plants, which fluctuates seasonally, has a large relationship with the soil moisture conditions. The seasonal dynamics of meteorological variables can therefore lead to corresponding changes in the spatial and temporal patterns of soil moisture (Douville 2003; Rosenbaum et al. 2012 ). Cho and Choi (2014) identified the key impact of meteorological variables on soil moisture variations through statistical analysis.
As a follow-up study to Cho and Choi (2014) , this study focuses on the spatio-temporal soil moisture patterns between two seasons (summer and winter) considering four meteorological variables that can represent the Asian Monsoon seasonal characteristics in northeast Asia. We compared the individual relationships between soil moisture variation and the variations in each variable as well as the soil moisture and variables themselves. We used daily soil moisture content and meteorological datasets, precipitation, air temperature, ground temperature, and the amount of insolation, from January 2012 to February 2013 in the Korean Peninsula as a regional scale case study. The results may lead to better understanding of the influence of meteorological variables on soil moisture variations in monsoon climate regions.
DeSCrIPTIon of The STuDy AreA AnD DATA SeTS
The Korean peninsula is located in northeast Asia (33 -39°N, 124 -131°E). The climate type is a temperate monsoon climate with average annual rainfall of 1274 mm (Lee et al. 2008 ). This study area has an obvious seasonality during the study period. Two-thirds of the annual rainfall occurs from June to September. Alternatively, the precipitation during the winter season is often less than 10% of the total annual precipitation (Min et al. 2011) . The air and ground temperature fluctuates significantly. In the summer season the weather is scorching hot and humid (due to the maritime pacific high barometric pressure), while the winter season is bitterly cold (primarily influenced by the Siberian air mass) (Gong and Ho 2002) . The main soil textures are loam and sandy loam over the Korean peninsula. The dominant land use is agricultural with rice paddies as the major crop (59%). Soil texture data were obtained from the Korean soil information system (http://soil.rda.go.kr). Most of land cover types were grass in this study.
The Rural Development Administration (RDA, http:// weather.rda.go.kr) provides soil moisture contents as well as various meteorological variables (Cho and Choi 2014) . The soil moisture contents were measured at a depth of 10 cm to understand the near-surface and root-zone soil moisture influence on the growth of various crops and plants. In the RDA network, time domain reflectometry (TDR) soil moisture sensors were used, which are precise automatable instruments that can be used to measure the soil water content and electrical conductivity in soil pores (Topp et al. 1980) . The major advantages of TDR sensors are that their measurement accuracy is higher within 1 -2% volumetric water content and calibration is rarely needed (Jones et al. 2002) . We used meteorological datasets, the amount of insolation (shortwave radiation), air/ground temperature and precipitation, for evaluating the meteorological factors effects on seasonal soil moisture patterns over the Korean peninsula. This data were recorded between 1 January 2012 and 28 February 2013 at 23 sites in the southern Korean peninsula ( Fig. 1 and Table 1 ).
MeThoDology
We performed basic statistical analysis to display the spatial and temporal soil moisture distribution characteristics. The statistical parameters, such as the standard deviation, coefficient of variation, skewness and kurtosis, were used for the study period over 23 sites. We also compared the relationships between these parameters and the mean soil moisture contents according to the summer and winter seasons.
We calculated the daily change in each factor to grasp the variability in the meteorological data. We next performed data standardization using the following equations: We compared these data with regards to the meteorological variables and soil moisture, using a trend line and the R-value to analyze how much influence changes in the meteorological variables had on the soil moisture. In addition, we analyzed the winter and summer data to study the differences in the relationships between the soil moisture and meteorological variables during the winter and summer.
We calculated the mean relative difference (MRD) and the root mean squared error (RMSE) values to find the representative sites. These values were based on the relative differences and can be expressed using Eq. (3):
Here, , i t i is the daily measurement of soil moisture at site i, and t i is the mean soil moisture of all of the sites. For each site, the MRD value was calculated using Eq. (4), as follows: Figure 2a shows the standard deviation for the soil moisture versus the mean soil moisture content. The standard deviation ranged from 7.0 -12.5% and the mean moisture values ranged from 19.5 -40.1% in wetter conditions. The figure shows a negative relationship in that the standard deviation decreases as the mean soil moisture content increases. This result corresponds with the results from previous studies (Choi and Jacobs 2007; Famiglietti et al. 2008; Sur et al. 2013) . Figure 2b shows the relationship between the CV values and mean soil moisture content. CV had a clearly negative relationship with the mean soil moisture content. This pattern was also similar to the patterns previously achieved by Owe et al. (1982) and Brocca et al. (2007) . However, the CV values (0.18 -0.54) in this study were higher than those reported in previous studies at similar soil moisture values. This result may be due to torrential rainfall events that occurred during the summer monsoon season. The change in the skewness values with mean soil moisture content show that the skewness decreased as the mean soil moisture increased from 20 -40% (Fig. 2c) . Figure 2d displays a U-shaped kurtosismean soil moisture relationship. When the kurtosis value was close to zero, the soil moisture values followed a normal distribution shape. However, if the kurtosis value was high or low, the soil moisture distributions had an abnormal distribution shape. The kurtosis data decreased as the mean soil moisture increased up to 30%. However, when the soil moisture values were above 30% in wet conditions, the kurtosis data showed an increasing pattern. This result corresponds with those of Famiglietti et al. (1999) and Cho and Choi (2014) .
reSulTS AnD DISCuSSIon

Seasonal Differences in Spatial Soil Moisture Distributions
We compared the summer and winter conditions calculating statistical values separately to show how the soil moisture varies according to the season (Figs. 3a -d ). These figures allow us to observe and compare daily soil moisture distributions with changing mean soil moisture contents. Figure 3a shows the relationship between the standard deviation and the mean soil moisture contents for the summer and winter seasons. These results indicated that both seasons tend to have similar trends and that the standard deviation dwindles slightly as the soil moisture content increases. When the mean soil moisture was over 30%, a small difference in the two datasets was observed. While the summer data constantly decreased by 38%, the winter data decreased by approximately 30%. This indicates that heavy rainfall events occurred and influenced the soil moisture patterns more significantly during the summer season than in the winter season. Figure 3b shows that the CV values were quite similar during both seasons, which indicates that the CV values were not affected by the seasonality. The change in the skewness during the summer and winter seasons is shown in Fig. 3c . The skewness continually decreased with the wetness (approaching 40%) for the entire range of mean soil moistures. This result corresponds with the results of Famiglietti et al. (2008) , who showed empirically negativefit curves of skewness versus the mean soil moisture content (on a 50 km scale). However, there was a clear distinction between summer and winter seasons with noticeably different shapes (Fig. 3c) . The skewness during the summer season was similar to the normal patterns shown in previous studies (Ryu and Famiglietti 2005; Choi and Jacobs 2007; Famiglietti et al. 1999 Famiglietti et al. , 2008 Cho and Choi 2014) . Alternatively, positive curves between the skewness and mean soil moisture were observed with increasing soil moisture content up until 33% during the winter season. In addition, the skewness variability differed within a wider range with the mean soil moisture content (28%). A possible explanation for this result is that the large locational differences caused by the extreme soil moisture values at several sites during the winter period. The kurtosis showed values that ranged from -1.6 to 0.9, and the shape of the distribution tended to be a U-shaped curve during the summer season (Fig. 3d) . The kurtosis ranged from -1.4 to 0.5 with an opposite Ushaped distribution curve during the winter season. The kurtosis value during the summer increased when the mean soil moisture content exceeded 31.5%. Alternatively, the kurtosis value during the winter decreased when the mean soil moisture content exceeded 26.7%. These patterns are relatively small differences, compared to the skewness and kurtosis variability in summer. This result might be due to the different seasonal characteristics but also different changes in spatial soil moisture distributions among 23 sites over the Korean peninsula. In particular, the form of precipitation is snowfall during winter season. This means that snowpack does not directly influence temporal soil moisture variability rather as does rainfall events. The big ranges in skewness and kurtosis around the middle mean soil moisture content range (25 -27%) might be due to the difference in freezethaw event timing according to spatial meteorological conditions (Yang et al. 2003) .
Seasonal Impact of the Meteorological Variables on Soil Moisture
Meteorological variables have a key influence on the land surface water-energy distribution and freezing-thawing processes during the winter season. Previous studies have shown that the primary factors that affect the soil moisture content are meteorological variables such as precipitation, temperature, insolation, and evapotranspiration (Entin et al. 2000; Seneviratne et al. 2010; Cho and Choi 2014) . Figure 4 displays the annual precipitation, soil moisture, insolation, air temperature, and ground temperature temporal patterns for the Tongyeong site. In general, the air and ground temperatures and the amount of insolation clearly showed temporal patterns that changed with the season, increasing from winter (January) to summer (August) and then decreasing from summer (August) to winter (December). The time series also displayed soil moisture patterns after rainfall events with seasonal periods. During the summer period the soil moisture declined rapidly after a precipitation event. Alternatively, the soil moisture decreased slowly before the next rainfall event during the winter period. Therefore, we determined that the temporal variations in soil moisture before and after rainfall events were different for the two seasons. This result was probably due to the fact that the evaporation rates on the land surface during summer are more rapid than in the winter season.
Scatter plots between daily change in standardized soil moisture and daily change in standardized meteorological variables are shown in Fig. 5 . We considered that the meteorological impact on the soil moisture is great when the line slope is steep. The scatter plots show the relationship between the soil moisture and the air/ground temperature change for the entire study period (Figs. 5a and b ; Tables 2 and 3 ). Soil moisture change has an obvious negative relationship with temperature change during the summer. However, this shows a positive relationship during the winter. These patterns are also shown in soil moisture and air (ground) temperature time series in the summer and winter seasons (Fig. 6) . The results indicate that the increase in soil moisture leads to radiative energy being absorbed in the summer season (Jin and Mullens 2014 ). An increase in temperature leads to freezing water and snowpack thaw on the soil surface, which causes the soil moisture content to eventually increase in the winter season (Yang et al. 2003) . We also found that the soil moisture variations are more sensitive to changes in ground temperature than changes in air temperature based on the scatter plot and R-value gradients (Figs. 5a and b) . Figure 5c and Table 4 show the relationship between the precipitation change and the soil moisture change. The curve line gradient between the precipitation and soil moisture was the highest among all of the variables. This result indicates that the precipitation was a dominant factor that led to changes in the soil moisture. Precipitation had a clear positive relationship with soil moisture during both winter and summer seasons. However, the R 2 for the two seasons were significantly different: 0.52 during the summer and 0.08 during the winter. This means that precipitation during the summer period has a clear effect on the changes in soil moisture content as opposed to the winter period. This is probably due to the complicated snow crystal accumulation and snowpack melting procedure in winter as well as the difference in rainfall intensity between the two seasons. The relationship between the amount of insolation and the soil moisture is presented in Fig. 5d and Table 5 . Insolation is a measure of the solar radiation energy. Even though the insolation showed large fluctuations throughout the entire period, it clearly showed a negative relationship with the soil moisture. This result may due to the fact that the amount of insolation directly influences the amount of evapotranspiration. In summer, the change in insolation with a change in soil moisture had a negative trend with an R-value of 0.44. Alternatively, the amount of insolation influence on the soil moisture change was weaker during the winter (R = 0.22). This result implies that the temporal and spatial variations in insolation and soil moisture content are linked to each other in terms of the water and energy cycle in the land surface-atmosphere system (Seneviratne et al. 2010; Van den Hurk et al. 2012 ).
Seasonal Difference in Temporal Stability of Soil Moisture
The time-stable points represent the regional mean soil moisture in a region. We estimated the MRD and the RMSE values to obtain temporal stable sites for the surface soil moisture contents. In other words, the best sites had MRD and RMSE values that were close to zero. The 23 sample sites were ranked in terms of their MRD to conduct temporal stability analyses, as shown in Fig. 7 . We obtained ranked plots of the MRD and RMSE values for the 23 sites for the entire study period. The MRD and RMSE values ranged from -52% (K3) to 119% (K20) and 12.5% (K17) to 119% (K20), respectively (Fig. 7a) . We determined that the MRD and RMSE values for the 23 sites varied according to the investigation period. Figures 7b and c show the rank plots for the mean soil moisture, MRD and RMSE values during the summer and winter periods, respectively. The K17 (Imsil) site, which has the lowest MRD value (2.4%), was the representative site during the summer, and the K7 (Gimhae) site, which had a MRD value of 2.7%, was the representative site during the winter. The temporal variations in soil moisture content at the K7 and K17 sites from the mean soil moisture at the 23 sites are shown in Fig. 8 . This figure shows that the temporal soil moisture content patterns are somewhat different between the K7 and K17 sites. During the summer period the soil moisture values at the K17 site were generally consistent with the mean soil moisture at the 23 sites. However, the soil moisture values at the K7 site, which is the representative site during the winter period, fluctuated more sharply than the mean soil moisture during this period. During the winter season the temporal soil moisture pattern at the K17 site corresponded to the mean soil moisture patterns (MRD: 2.8%), as opposed to the soil moisture pattern at the K7 site (MRD: 12.7%). Even the K17 pattern appeared to have a larger temporal variation than the K7 site. This means that representative sites can differ from each other according to the seasonal conditions. Furthermore, this result could imply that the soil moisture temporal stability is determined by climate characteristics (i.e., the Asian monsoon season) rather than soil types, considering that two representative sites do not have dominant soil types, such as loam or sandy loam (K7: Silty clay loam, K17: Silt loam). This result was supported by previous studies that showed spatial representative sites in a regional scale were dominantly controlled by the seasonal characteristics and climate conditions (Martinez et al. 2013; Cho and Choi 2014) , while representative sites at field scale should reflect the average topography features (Jacobs et al. 2004; Choi and Jacobs 2007; Brocca et al. 2009 ). Further studies are needed to understand soil moisture variability more clearly under the various regions in different seasonal/climate conditions.
SuMMAry AnD ConCluSIonS
This study focused on comparing the seasonal differences in soil moisture distribution and verifying the correlations between soil moisture and meteorological variables, as a function of the season, and investigated how these factors influenced the land surface hydrological cycle in the Korean Peninsula. Soil moisture had a positive relationship with precipitation, air temperature and ground temperature, but the opposite relationship was observed with insolation (i.e., a negative relationship). Soil moisture was affected more significantly by ground temperature than it was by air temperature. The correlations between the ground (air) temperature and soil moisture showed opposite relationships during the summer (June to August) and winter (November to January) seasons. We also estimated the temporal and spatial variations by analyzing the time stability at 23 sites in the Korean peninsula. The K17 (Imsil) and K7 (Gimhae) sites were representative sites during the summer and winter seasons, respectively. Importantly, the representative sites, which possessed time stability, could be altered according to the seasonal conditions of the study area. This study was conducted in the Korean peninsula which has a regional spatial scale. Further research should be conducted in various regions with different meteorological/climate conditions. Our results may be useful for further research regarding climate-meteorological effects on soil moisture patterns as well as in agricultural applications.
